Introduction
The alpine orogen is the result of the Apulian ⁄ European convergence from the upper Cretaceous to Miocene (e.g. Steck, 1984; Escher et al., 1997; Pfiffner et al., 2000) . On the continental scale, Africa currently converges with Europe at a rate from 3 to 8 mm yr
at the longitude of the western Alps (Demets et al., 1994; Albarello et al., 1995; Nocquet and Calais, 2003, 2004) . On the alpine scale, however, geodetic measurements in the last decade have failed to demonstrate any convergence or other significant relative movement between northern Italy and Ôstable EuropeÕ Oldow et al., 2002; Vigny et al., 2002) . It now appears that AfricaEurope convergence is mostly consumed in a complex mobile zone which involves the Appenines, Dinarides and Magrebides.
Seismotectonic studies from the western Alps have revealed a predominance of transcurrent to extensional focal plane mechanisms; compressive focal plane mechanisms are rare and exclusively localized near the periphery of the alpine chain (Eva and Solarino, 1998; in press a).
ABSTRACT
Internal parts of the Alps have undergone widespread extensional deformation in the course of their Neogene exhumation history. Palaeostress inversion methods are used to map the prevailing stress fields and their evolution through time. Here we present new data from 100 sites with a total of about 2000 faults/striae couples, covering a large portion of the inner northwestern Alps. Palaeostress tensors are mostly extensional, although one-third of them are transcurrent. The dominant direction of minimum horizontal stress axes (r3) is in an orogenparallel (N30°to N70°) orientation around the bend of the north-west alpine arc. A comparison between this older (Neogene, post-metamorphic) stress field with the current stress and strain field determined from seismotectonics and geodesy indicates a change in deformation mode from early orogenparallel extrusion to a late and ongoing orogen-perpendicular spreading. Alpine extensional tectonics has been shown to have begun at an early stage, during the Late Oligocene -Early Miocene, at a time when thrusting was still active in external fold-and-thrust belts (e.g. Hubbard and Mancktelow, 1992; Steck and Hunziker, 1994; Tricart et al., 2001) . Latest extensional structures under brittle conditions have been locally studied in the western Alps , 2002 Bistacchi and Massironi, 2000; Agard et al., 2003; Champagnac et al., 2003; Grosjean et al., in press ). This brittle deformation post-dates folds, schistosities and nappe-related structures. We focus here on the brittle deformation of the inner north-western Alps, between the Lepontine dome to the north-east, the Mont Blanc massif to the west and the Vanoise massif to the south (Fig. 1) .
Our analysis is based on the determination of palaeostresses from a large faults ⁄ striae database. The palaeostress field constrains the postnappe deformation of the studied area, which allows us to understand better the Neogene kinematics of the belt.
Geological and tectonic setting
The studied area is located in the southern Valais, the Aosta and the Tarentaise valleys (Fig. 1) . This area belongs to the internal zones of the western Alps and is made up of upper penninic nappes (Brianc¸onnais zone) overridden by the Pie´montais suture zone and the Dent-Blanche nappe. The metamorphic history of the penninic units is complex and ranges from high to ultrahigh pressure for the Pie´mont-ais suture to moderate pressure (middle to upper greenschist facies) for most of Fig. 2 (a) Morphological expression of a kilometric length fault (the ÔChapieux-RoselandÕ Fault viewed from the north). The movement along the nearly vertical fault plane is transcurrent. (b) Outcrop-scale view of the same fault. The fault plane is vertical, and associated with a thick fault gouge (about 4 m). This tectonic clay is the expression of a large amount of displacement, under conditions of low temperature and low fluid pressure, probably close to the surface. (c) Small-scale observation of the same fault shows a very slick fault plane, with horizontal and curved mechanical scratches. The fault plane cross-cuts an older cataclasite, with millimetric to centimetric broken then consolidated elements. There is no mineralization on the plane. (d) Measurements of several fault planes in this sector allow us to calculate the local palaeostress tensor. The major fault belongs to an east-west fault family, conjugated with a north-south more discrete fault family. The calculated tensor indicates a transcurrent stress field, with a N35°orientated r3 and N125°orientated r1. Table 1 Parameters and name of the 117 palaeostress tensors with the location (longitude and latitude in decimal degrees and altitude in metres), the r1, r2 and r3 orientation (azimuth and plunge) and ellipsoid form parameter U. Also given are the number of faults used for the computation (N), the average misfit angle (a in degrees) and the quality criterion for the tensor (Conf.)
the basement (see Frey et al., 1999 , for further details). Several major fault zones border the study area:
To the north-east, the Simplon fault zone has been described as a major NW-SE detachment with a long history including ductile and brittle extension since the Early Miocene (Mancktelow, 1985 (Mancktelow, , 1992 Mancel (Burkhard, 1990; Hubbard and Mancktelow, 1992; Steck and Hunziker, 1994) . Based on apatite fission tracks, a Late Miocene age of normal faulting has been postulated for this fault (Soom, 1990; Seward and Mancktelow, 1994) . Morphological features, such as inverse slopes immediately south of the Rhoˆne valley, also suggest a very recent age of normal faulting (Champagnac et al., 2003) . Seismic activity in the north Valais area shows a dextral transcurrent mode, but north-south extension in the southern Valais in press a). The RFZ cuts westward within the Chamonix syncline as a transpressive dextral zone between the Mont-Blanc and Aiguilles-Rouges External Crystalline Massifs (ECM) (Gourlay and Ricou, 1983) .
To the west, the BPT borders the internal side of the Mont-Blanc massif, orientated NNE-SSW. The BPT separates the Helvetic units (ECM and their Mesozoic cover) and the overridden Penninic units. This contact is a thrust of Late Oligocene -Early Miocene age (Steck and Hunziker, 1994) . A subsequent normal reactivation of the BPT has been locally observed and could be interpreted as due to Miocene exhumation of the ECM (Seward and Mancktelow, 1994; Aille`res et al., 1995; Cannic et al., 1999; .
In the core of our study area, the Aosta valley is the morphological expression of the major Aosta-Ranzola fault zone. It has been described as a north-dipping Oligocene normal fault, reactivated as a sinistral transcurrent fault zone from the Miocene to the Present (Carraro et al., 1994; Bistacchi et al., 2001 ).
Data analysis
We used field observations at different scales (example on Fig. 2) , and a systematic collection of minor faults (in the 0.1-1 m range) to determine palaeostress axis directions using the Ôdirect inversion methodÕ of Angelier (1990) implemented in the Ôtectonics FPÕ software (Sperner et al., 1993) . About 2000 fault planes and their slickensides were measured at 100 sites 1 . Locally, two superimposed brittle deformation stages have been observed; their relative chronology has been deduced from cross-cutting relationships between fault planes and ⁄ or slickensides. At several sites, systematically curved slickensides indicate a progressive change of fault movement.
The stability and the quality of each tensor were estimated from a series of criteria, including a first coherency test using the right-dihedra method of Angelier and Mechler (1977) 2 , visualization of the inverse function (Yamaji, 2000) , the number of faults used in the inversion and the average misfit angle. Tensors were classified from 1 (excellent) to 3 (low quality). We calculate in this way 117 palaeostress tensors (Fig. 3a and Table 1 ).
Most of these stress tensors are extensional (steep r1, subhorizontal r2 and r3). The predominant direction of extension (r3) is NE-SW. About 30% of our palaeostress tensors are transcurrent (steep r2, subhorizontal r1 and r3).
The direction of the r3 axes is almost the same for transcurrent and extensional tensors; furthermore, the relative chronologies change within small or larger areas, with frequently curved slickensides. We regard the extensional and transcurent stress field as a single ÔstageÕ, with a local or temporal relative swapping of the r1 and r2 axes.
Based on this assumption, we consider only the r3 axis orientation for the following discussion, regardless of the r1 axis being subvertical or subhorizontal. The general direction of the r3 palaeostress axes throughout the study area is orientated in a NE-SW direction, mimicking the trend of the alpine belt. In order to quantify this angular relationship between the palaeostress tensor orientations and the alpine structural trend we separated the north-west Alpine arc in two parts (Fig. 3a) : a NE area (A), which corresponds to an ÔAar-likeÕ orientation (strike N60°) from Visp to Martigny; and a second SW area (B), which corresponds to a ÔMont Blanc-likeÕ orientation (strike N30°) from Martigny to Bourg-SaintMaurice. The line between zone A and B strikes N120°. Average r3 orientations demonstrate a generalized orogen-parallel extension, N70°o rientated in zone A, N30°orientated in zone B (Fig. 3b) .
In this crude statistical analysis, 50% (68%) of our palaeostress tensors show less than 30°(45°, respectively) between their strike and the alpine trend (b) (Fig. 4a) .
The r3 axes trajectories describe a wide arc in the whole SimplonVanoise area and provide a large-scale image of a brittle orogen-parallel extension event in the inner northwestern Alps.
Significant deviations from this simple picture are observed in 19 out of 117 tensors, which indicate an Ôorogen-perpendicularÕ direction at high angle (b > 60°) to the strike Fig. 4 (a) Representation of the orogenparallel direction of minimum stress axes (b < 30°, where b is the angle between the alpine trend and the r3 orientation). These represent more than 50% of the database. The r3 orientations describe a wide arc in the studied area, from the Simplon pass to the Tarentaise Valley. The ratio of transcurrent tensors is about 30%. (b) Representation of the orogen-perpendicular direction of minimum stress axes (b > 60°). The axes describe a large fan, which could be linked to the active stress field. of the belt. Together, these tensors describe a large-scale fan from the eastern Valais to the Vanoise area (Fig. 4b) .
Orogen-perpendicular extension is currently ongoing in central parts of the western Alps according to focal mechanisms (Sue and Tricart, 2003; Delacou et al., in press b) . In the NW Alps, the passage from orogen-parallel to orogen-perpendicular extension may also be interpreted as stress axis permutation between r2 and r3, with low F ratio, as proposed by Sue and Tricart (2002) in the SW Alps. Actually we propose a two-stage interpretation because of the similarity with the seismologically active inferred stress field.
One-third of all the tensors are neither in an orogen-parallel nor in an orogen-perpendicular direction, with r3 oblique with respect to the main alpine structure (30°< b < 60°). This is explained in terms of local deviations of the overall stress field, including tilted and rotated blocks of unknown dimension. The dispersion of the mean r1 around the vertical axis (Fig. 5) can similarly be explained.
In order to analyse the palaeostress ellipsoid shape (the relative magnitude of r1, r2 and r3), we used the F ratio
Using this approach, we analysed our database in terms of F ratio, plotting F vs. the dip of the r1 axis for each tensor (Fig. 5) in a polar graph. We separate this diagram into five parts (see figure caption for details). Forty per cent of the tensors are Ômultitrend-extensionalÕ, with a good average quality criterion. Twenty-five and 20% of transtensive and transcurrent tensors, respectively, are generally of medium quality.
In summary, the inversion of brittle deformation structures (faults and striae) documents a large-scale palaeostress field, which is mainly extensional. This extension is mixed with transcurrent and transtensive palaeostress tensors that exhibit the same strike-parallel direction of the minimal stress axis (r3). The orogenparallel direction of r3 is the major first-order signal for the Neogene stress field. A more discrete orogen-perpendicular direction of extension, probably younger, is also observed.
Discussion and conclusion
Extension in the core of mountain belts is a common feature that has been observed worldwide (Wernicke and Burchfield, 1982; Dewey, 1988; Rey et al., 2001) . Coaxial extension, opposite to the direction of the converging plates, as observed in the Andes (Dalmayrac and Molnar, 1981; Deverchere, 1988) , the Himalayas (Molnar and Tapponnier, 1978; Herren, 1987) and the Basin and Range (Lister and Davis, 1989) , has mostly been interpreted in terms of orogenic collapse. Extension is due to the subtle interplay between the rates of convergence (decreasing), internal strain, external erosion and the temperature ⁄ time-dependent internal strength of the orogenic wedge (Avouac and Burov, 1996) . Synorogenic extension is well documented for many parts of the internal Alps, all along the crestline from the eastern Alps (Selverstone, 1988; Ratschbacher et al., 1991; Decker and Peresson, 1996; Linzer et al., 2002) through the central Alps (Mancktelow, 1990 (Mancktelow, , 1992 Nievergelt et al., 1996) to the western Alps (see references above). In contrast to those orogens with coaxial collapse Fig. 5 Representation of the F ratio vs. the dip of r1 in a polar representation (left part) and histogram of the F ratio (right part). In the case of extensional tensors (r1 steep), a low F ratio implies similar r2 and r3, indicating multitrend extension; a high F ratio implies similar r1 and r2, indicating transtension; an intermediate F ratio indicates a pure extensional tensor. For strike-slip tensors (subhorizontal r1 and r3), a low F ratio indicates transpression; a medium F ratio implies pure strike-slip and a high F ratio implies transtension. Black, grey and white circles represent best, medium and lower quality tensors, respectively. We separate the polar diagram into five parts. In A (r1 more than 45°and F ratio less than 1 ⁄ 3), 47 multitrend extensional tensors (40% of the dataset) are plotted. They show very good quality criterion (average ¼ 1.27). The relative magnitudes of r2 and r3 are almost similar. In B (r1 more than 45°a nd F ratio between 1 ⁄ 3 and 2 ⁄ 3), few (11) pure-extensional tensors are plotted. Nevertheless, they have a high average quality criterion (¼ 1.63) and a good spatial coherency. In C (F ratio more than 2 ⁄ 3), 29 transtensive tensors (25% of the dataset) are plotted; they have a medium average quality criterion (¼ 2.1) and there is a continuum in the dip of r1 (tilted tensors). In D (r1 less than 45°and F ratio between 1 ⁄ 3 and 2 ⁄ 3), 24 strike slip tensors are plotted (20% of the dataset). Their average quality criterion is medium (2.29). In E (r1 less than 45°and F ratio less than 1 ⁄ 3), seven transpressive tensors are plotted, with a poor average quality criterion (2.71); they probably have no regional significance. previously mentioned, the main alpine extension direction is orientated along the strike of the chain. Accordingly, most authors working on this area propose various models of synorogenic lateral extrusion. Lateral extrusion to the east prevails from the Lepontine Dome eastward to the Pannonian basins, in response to Ôback arcÕ extension behind the Carpathian arc. From the Simplon area westward, strike-parallel extension is observed around the 90°bend of the western Alps. The opening of the Ligurian basin during the Early Middle Miocene (Vigliotti and Langenheim, 1995; Carminati et al., 1998; Speranza et al., 2002) could be the free boundary necessary for such a large-scale orogen-parallel extension in the north-western Alps. The known strike slip faults are predominantly dextral, accommodating a relative south-and south-westward movement of internal parts of the Alps with respect to the radially Ôforelandward thrustÕ external parts of the Alps (Hubbard and Mancktelow, 1992) . Conjugate sinistral strike slip faults are not observed within the Alps proper and a direct comparison with the ÔextrudingÕ wedges (in map view) of the eastern Alps is not straightforward. The predominance of dextral strike slips and their radially changing orientation in a fan-like pattern has led some authors to consider rotation, rather than sideways extrusion as an alternative large-scale process at the NW tip of the Adriatic indenter (Goguel, 1963; Pavoni, 1991; Pavoni et al., 1997) . Rotation models are supported by geomagnetic data that document large anticlockwise vertical axis rotations of up to 90°and more, increasing southward along the arc of the western Alps (Collombet et al., 2002) . The extrusion tectonism we observed, particularly in the Simplon area, could be associated with the anticlockwise rotation shown by Hubbard and Mancktelow (1992) and Collombet et al. (2002) . Our own fault measurements provide new evidence for a widespread arcparallel extension all along the crestline of the western Alps (Fig. 6) . Given the brittle nature of faults used to establish palaeostress directions, this extension is clearly postmetamorphic. Its onset goes back to nearly peak temperature conditions. Furthermore, the wide variety of fault plane appearance (calcite, quartz, hematite or chlorite mineralization, cataclasite, fault breccia and gouges) suggests a long brittle history.
Normal faulting, possibly with a component of dextral shearing along the Rhoˆne line immediately to the west of the Simplon fault, is documented to be active up to the latest Miocene. Apatite fission track ages indicate a relative downthrow of the internal ÔPenninicÕ units with respect to external ÔHelveticÕ nappes and crystalline massifs. Faulting is at least as young as 3 Ma, because palaeo-isotherms of this age are offset on either side of the Rhoˆne valley (Soom, 1990; Seward and Mancktelow, 1994) . The present state of stress within the Alps is now well documented following analysis of focal plane mechanisms all along the arc of the western Alps Kastrup et al., 2004; Delacou et al., in press b) . Higher parts of the chain, near the crest-line of the Alps westward of the Lepontine Dome, are clearly in an extensional Fig. 6 Synthesis of the Neogene and still-active tectonics in the inner north-western Alps. (1) Ductile kinematics in the Simplon area (Mancktelow, 1992) . (2) and (3) Ductile kinematics along the ECORS transect (Aille`res et al., 1995; Cannic et al., 1999) . (4) Brittle kinematics in the east of the Val d'Aosta (Bistacchi and Massironi, 2000) . (5) Brittle kinematics in the Simplon pass area (Grosjean et al., in press) . (6) Brittle kinematics of this paper and Champagnac et al. (2003) . (7) Fission track analysis after Seward and Mancktelow (1994) . (8) Current stress field based on seismotectonic inversion, after Delacou et al. (in press a,b) .
state of stress at present. In contrast to the majority of palaeostress measurements, however, the current direction of extension is orogen-perpendicular. This orientation is reminiscent of the Ôorogenic collapseÕ model and more difficult to reconcile with the idea of a lateral extrusion and ⁄ or rotation. It is tempting to interpret a minority of palaeostress measurements as belonging to this most recent deformation phase, although we do not have any direct evidence. A similar chronology (orogen-parrallel then orogen-perpendicular extension) has been observed in the eastern Alps (Decker et al., 1993) .
Combined with seismotectonics, geodesy allows us to constrain present-day deformation rates within the Alps and between adjacent forelands (Kahle et al., 1997; Vigny et al., 2002) . Up to 10 years of measurements now allow us to conclude that convergence between the NW tip of the Adriatic microplate and Ôstable EuropeÕ is not ongoing today Oldow et al., 2002) .
In summary, we conclude that two extension events of post-metamorphic faulting have affected central parts of the arc of the western Alps. From Late Oligocene throughout Miocene times, extension is orientated in an orogenparallel direction, leading to a relative right-lateral movement to the south or south-west of internal parts of the Alps with respect to the north-west European foreland. This lateral extrusion event is no longer active. The current state of stress indicates fan-like extension directions at a high angle with respect to the strike of the Alpine arc. Collision must have come to a complete halt during the Plio-Pleistocene and the Western Alps are now in an early phase of post-orogenic collapse and decay.
